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Introductory. With the-coﬁsent of the editor the preqent article
has.been written as a summary éf thé research on Extratropical Cyclones
in which the author himself has been'diréetly involved. References to

'thé work of otﬁers are iherefore few, and the reader will not get any
complete sufvey of the title subject. | .
| The article is built up of two paftsa - In the first the extra-
tropical cyclones are treatéd éé simplifiea models for the sake of
oclarifying the thaoretical principles. In the secbnd those,principlés'
~are applied o a reél.storﬁ oﬁer North America.whose development may be

considered gs the protdtype of a simple life hisﬁory of extratropical
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lones. The modifications of that 1ife history, caused by the varying
UBRARY : '

initial ocnditiona_and the influence of neighbhoring systems in the
SEP Q}G eral circulation, are treated'by Dr, E. Palmén in his contfibution

National Ocetdcthe Compendium.
Atmospheric Administraticn

qu Neot of CgumeDYNAMECS OF SIMPLIFIED CYCLONE MODELS.

&, Theory of pressure changes and thermal structure of extra-

trbpical ¢yolones, The fully developed.extratropical cyclone consists

of a countefclockwise*) vortex which extends upﬁard'info e wave trough

*) All references to sense of rotation in this article apply to the
nor thern hemisphere. ‘ '

in the upper westerlies;; Tﬁe dynemics of the.extratropical cyclone
therefore is a compoéite one, combining the dynamic phenomena of the
vortex and the wave,  We ﬁill here state separately the essential fea-
tures of thé atmospheric vortex and the atmospheric wave and then proceed
~to describing the composite dynemics of the extratropical cyclone.

In analyzihg the displacement, intensification and weakening of
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_ﬂvorfices and waves it is useful to consider the accompanying pressure

chenges, which cbey the "tendency equationﬁ
6o

O 2
REIR j?w(ev)m(;m S
Expressed in words:. the rate of pressure change with time in a fixed
.poinf at the lévél_fz_is made up'partly by the net horizontal inflow
~into the vertical umit air:qolumn from_ﬁ%_to the top of the atmosphere
and nartly'by tné_vertical inflow of eir thrsngh the bnse of that
columh, | | |
| A_cirsnlar cycldnic vortsx with vertical axis centered at the pole
of a planet'wiﬁhout'nounrains.represents ths.simplést case of atmose-
pheris vortex dynamics., In the case of fristiunless motion in such &
polar vortex ths particles could be kept in steady state zongl motion
from wést to éasf. Ths horizontal diﬁérgence is then everywhere zero
land no vertlcal motlon occnrs, so that the tendency equatlon must indi-
'cate zero local pressure cnange at all polnts. With frlctlon ageinst
the ground the'flow in the lowest part of the atmosphere would get a
component of 1ndraft towards the vortex center, and that horizontal
.:convergence of mass would make the pressure rise in the central portion
of the pressure minimum, so ‘that the zonal air motion must slow down.
No steady state wouldrbe rsashed untii'ths flow at the ground and fhe
horizontal'pressure gradient. at the ground have reachéd zero, If the
central core of'the vortex is colder:thnnrits envirpnnent,-there would
8till be a pressure gradient tdwnrds-ths ﬁole_in the free atmosphere,
and fhe éir may there continue its wést #o east Circnlation without -
hdrizonral di#ergence; This picture "athér'WBll eorresponds to reality
as represented by the tlme-averaged motlon.ln the arctic region: almost

zero meridional pressure gradlent and zero zonal motlon at the ground,
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anﬁ increasihg pcleward pressure gradient with height, accompanied by

' inéfeasing wgsterlies with height. = The ihitial assumption of a cyclone
ﬁt'the-POIé? and tﬁeaadditional.assumption of friction at the groung,

' thus leadé fo;the dynamiecal prediction that.the cycicne at the ground
‘should eventuvally diéappeaf,_ﬁhile ihIthe'free_atmosphere.it should be
.6§nserv§d; This behaviér of the'circuiar~cyclonio vortex oan be gene-
faiizéd.to appiy aléo_atlothéf 1atitudéé,_§he simpie circular vortex is
lisble to die out gréduﬁlly-af the.érouﬁd_due to friction.

The:circular cyclonic vortex gentered in middle iatitudes does -
not représent.é steﬁdy étate dynemic s§€£eﬁieven i# case of ﬁé friction
at_the grbund.'-Evén thoﬁgb the horizontal pressure gradienf}may every-

. where be difected towards the center and its intensity may be a function
oﬁly of the distance from the cen£en, ﬁhe'motion around the center can-
not Ee a simpie eircular oné,-becgusé the Coriolis'factor varieé frqﬁ
£he northern to the_éouthern_part of the voftex. Dus to thelvariatibn
of the’Co;iolis-factdr the wind will be $tronger’in the southern ﬁhan
in the northerﬁ part of ﬁhe vortex, and the net'air_transport acros; a
ﬁorth-south meﬁian wall wili?go f:om the western to the eastérﬁ ﬁalf of
the vertex, Cpnsequentlj the pressure will rise in fhe eastern half
 dué to'hofizoﬁtal convergéﬁce‘aﬁd féll-due.to horizontal divergence in
the western half of the low pressure syétem, 50 that the pressure mini;
mum and the accompanying'ﬁoftex will drift westward, Eccéntriqity of
the préssure field of such sense as to involve a'stfonger preésuré
grgdieht in the southern then in the northern part of the vortex may
reduce, reutralize, or even reversé_#hat drift. The dynamic £heory for
tbe eccentric vortex_has keen developed in approximate form by J;
Holmboe ( "). He defined a "oritical eccentricity" which would balance

the exchange of air between the two halves of the vortex. The table of
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critical eccentricity follows.

. . - Table I
of the quantity | *D-Z {v'-2¢c =4 Nactesod
ovaluated in a narrbw 1soburlo channel of dritiecal

eccentricity "( «r and v’ wind velocities respectively
at southernmost and northernmost point of the isobaric
channel, .. eastward speed of displecement of the vor-

texy angular speed of earth, ¢ earth's radlus, .
angular radius of isobaric channel, 4+ geographic

latitude.

Angular radiu;fbf'isobaric channel

A I
T ) ] T ! o
900 - 10 b0 0 0

- 80° jo0;1 m/sec?I 2.5 9.9 T :
P700 | 0.2 L 4,9 ' 19,4 78
P800 0,3 T 2804 1 11e
. 600 0.4 P08l G 366 p la6. |
(809 11041009 ¢ 436 a7s
300 '0.5 12,3 '494. S 1 B

In case of the suatlonary vortex the exohange of ail between ‘the
eastern and western halves of the vortex 15 balanced if the wind velo-
clty in the southernmost polnt of tne 1sobar1c rlng exceeds that in
-the northernmost p01nt by the tabulated amount Near the center the
.flow can be alnost constant 2ll around the 1sohar1c rlng, but .the
greater the radlus the mor e w1ll the west w1nd 1n the south have to ’
exceed the east wind in the north, partloularly 80 in- low latitudes.

In apply1ng the table to a moving vortex the double speed of
dlsplacement of the vortex must be added to the tabulatcd speed to give
[ ;4 _-ffv-‘. -For the eastward mov1ng vortex the or1t1ca1 eccentrlolty
is thus stronger than for the stotlonary one. Even a little more
-eccentrlcxty would be needed to bring about accumulatlon of air in the
western and depletlon of dir in the eastern holf of the pressure mini-
~ mum, whlch would seem necessary to make the system move eastward, A

check with measured eccentrloltles shows, however, only subcritical"
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.¢asés; in other words all observed cyclonic vortices accumulate_aif in
their front parts at the expense of thé rear pa?ts. The pressure change
.in.such-a moving vortex cen therefore only be explained if ofher flow
-'pattexns prgvall above the vortex. That conclusion is corrobborated by

_the experlence of °ynopt1c aerology, and the fyp*ca1 upper flow pattern
":above moving vortices.is that of the_atmospheric wave, In the comp051te
e#tratropiéal-cyclone the vortéx part resiéts the eastﬁard.motion by
,filing up air in the front_half,ﬂand this resistance increases thé faéteg
the vortex is forced to move. |

The atmospheric wave*) Superimposes_é_quasihorizontal oscillation

*) The fundamental properties of the atmospheric waves of synoptic
meteorology were first developed by J. Bjerknes ( ), C. G. Rossby
( and ), and B, Hawrwitz ( ). In this article we follow the
more recent treatment by J. Bjerknes and J. Holmboe ( ). )

\upoﬂifhé'fundamental current of straight Westeflies. It is accompanied
by e periodic distribution of horizontgl_@as; divefgence,.which in first
dpproximétioﬁ-deﬁends on the relafiye strenéth of the "curvature and
.latitu&e'effects"'upéh-the'wind speed.'.The curvature effect makes the
air ﬁove superﬁeostrophlcally whlle overtaklng the wave crest end sub-
.geostrophlcally'wblle ovartaklng the wave troughs. The 1at1tude effeot
upon the wind speed comes-from the'fact that ea&h flow channel is in a

: hlgher latis ude at the antlcyclonlc bend thaﬁ at the cyclonlc bend, 8o
that, the horizontal pressure g;adients being equal, the geostrophic
wiﬁd wduld_be.stronger at the cyclonic_than'af'tée anticyclonic_bend.
The joint résuit of these two opposite.effects onﬁhorizontal divergence -
is in favor of the.cufvature efféct_when wave-lengths are short aﬁd'the
fundamental current_is'étrong._'In thét case thé wave cfesﬁs are pre-
ceded by horizontal convergence aﬁd the wave troughs by hofizontal

‘divergence. In case of long waves and/or & weak fundamental current
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the'opﬁosite disjribution of horizontel divergence establishes. That
case also represents the conditions found in eir layers whlch move
8 lower eastward than the Wave. ‘

- In the usual barocllnlo westerly chrent of middle letitudes . a

- :wave extendlng from the slow mov1ng lower layers to the fast noving

- upper layers would have opp031te patterns of horizontal divergence in
the_upper_and lower part (see Figure 1)- At'the'level of'transition
between the'upper and lower pattern a wave motion with zero horizontal
| dlvergence will exist.. That "levcl of non-dlvergence" will be found at
.-the height where the speed of the undlsturbed current, ﬁi% » is given
A Z‘Q“’LC'”Q‘ - @
'In thls equatlon “i-ls the castward speed of propagatlon of the wave, /2 _
" is the angular veloclty of the earth, (t. is the earth's radlus, 9&

the geographlcal latitude and 7.. is the wave. number-por clrcumference

of. the earth. Numerloal values of Zﬂa, (oo ?/fn are given in

Table 11,
Table II
2—.(2-‘-4_\_1)” 9 //”L 1,,/\.. (2 g //‘d’elf
Wave length in degrees longitude

_ 1800 1200 | 600 360 " 180

700 193 4,1 10 i .0 1 04
“60° | 29,0 ! 12,9 3.2 1 - L2 | 0.3 !
500 | 6l6- 1 27.4 | 6.8 2.5 |7 0.6 |

400 1104.3 | 46.3. | 11.6 4.2 1,0

| 8097 1150.7 -i-_s7.o | ~16.8 60 g 1,5

- Teble. II, in oongunctlon w1th equatlon (2), shows that in short waves,
such’ as are: found - to aocompany the 1nd1v1dual travellng cyclone, the
level of non-dlvergence lies at an elevatlon ‘where the undlsturbed cur=

;rent moves only a 11ttle faster than the wave. 'In long waves the air



oy o
novement in ihe'level of non-divergenoe goes much faster eastward than
the wave itself, partlcularly so in low latltudes. | |
The level of non-dlvergence may be determlned from sets of aero-

-f 1og10a1 naps b; aid of Table II. Its helght dlffers from case to case,
_-but aocordlng to’ Charney_( ) anQ-Cressman ( ) it averages around
600 ﬁb_beth for-lohg and shorﬁ ﬁa{es. Hence, w1th & given model of
: befoclinio Weseerlies; ’y;% ;_the”speed of the undrstu;bed wester11es
_a£ the level of'nen-divergenée,.is app:oximately the same'paramete; ?er
long'and short waveQ; -Theispeed.of ail.such waves, which'are'super-
.imposed on the seme westerly ourrent therefore varies with wave length'
“according to the formula - )

"K _ -) fla. C,)...;; ‘,\'-:__': | - . . e

¢ - 71

= o

Ty
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Sherf waves ( great) move almost w1th the speed of the air at the
ieyel_pf non-dlvergence._ Long waves move slower eastwards than short
'ones; and:ﬁay also retregrede. Table 11 applled to the case C @
gives us a;eurvey of.the ﬁiﬁd at the level of non—dlvergenoe in
:sfationery waves. In 70° latltude the west w1nd nust be qulte llght

for Waves to be statlonary, and the 1800 wave length seems to be the

. most_llkely one for standing waves.'“Proceeding to.lqwer latitudes we
find that the 180° stationafy wave requires stronger westerlies than
are knovn ever to occur, Assuming that /Tk* would‘ne&er-be'greater than
'30 m/seo, we see that below 600 latltude the 1800 statlonary waves would
never occur, below 500 also the 1200 statlonary waves beoome 1mp0531ble,
and so on. Thls dependence of the long wave pattern on geographical
latltude usually leads to the establlshment of only two or three stand-
'1ngawavee-per earth_clrcumferenoe near the pole and statlonary patterns

' with“higher-weVe'nuﬁberslip'1ower latitudes, In fhe iatitﬁdee of

pattern transitions-complicated.cases of wave interferencée occur.
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The waves in the westerlies asscciated with the moving extra-
tfopical cycIoﬁes are by neEessity of short wave lengths, say thirty
:degreés longitude. According to.(S) and Table II such waves move with
a spéed,.C. , only slightly smallef.than ’L:* , the speed of the
weéterlies at the level 6flnon-divergence. N

Figure 1 shows the.posifion of the pressure minimum at sea level
relative to that of the upper trough. The axis of minimum pressure of
the cidsed lcﬁ tilts towardg the.coidgst:side, which is‘usualiy to the
westfor northwésffof the location of the surface cenﬁer. The tropo-
sphe}ic pgrt.of the upéer trougﬁ'is3also displacegmz:;tward with height
but.ﬁét #s_far per.ﬁnit height as the subjacent oentér of low,

The friction layer-of'tﬁe closed vortex (up to 0.5 or 1 km height)
hés_hdfizonfgl convergence, Above the influence of surface friction'
the eé;tern hélf of the yortex has-horizgntai cdnvergéﬁcé and fhe western
half horizontal divergeﬁce of mass. This holds true also for the upper
-trouéh‘uplto the level of nqn-dive;génee, beyond wﬁich divergence and
converggﬁcé_exchange posifioﬁs. fhé tendency equéfion (1) applied fo
;thé-séhematic'cyclpne cross-section of Figure 1 gives an answer to the
two questions:. how can'the:c&plone move.éaétward as most . middle lati-
tude cycloneg.do? and hcwtcaﬁ it-deepeﬁ despite the_ffictional con-
vefgenée? | |

|  The eastward dis§1acemént of the cyclone is assuféd if the vertical
infegrélzéf horizontal mass divérgencérin'the téndeﬂcy eéuation is
detérminéd as to sign'Bylthe gfmosphere.ébove the 1e§§1 of non-divergence.
The doepening of thé pfessure minimum 1ikewis§ depends on the influeﬁce
from Qbové the;ievel of'nqn-diéergence, .Due_to the westward tilt of
the axis of the cycione a verticél air column located at the sﬁrface

center will show horizontal convergence in its lower portion, where it
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- passes through tne forward part of the vortex,.and horizontal divergencq
wheresif.traverses the upper wave pattern east of the weve trough.
ﬁeepening of'thé surface center will only occur if that upper eir diver-
génce QQercompensétes.the'low level convérgence.

In all parts of fhe oyclonec the surface pressure fendeﬁcy repre-
sentéﬁa small change of weight_of the local vertical colum resulting
as. the difference.betweeh accumulation and depletion of dir cach of
‘which répresent much greater weight'changes. The natural adjustment of
the”p}essuré teﬁdencies_tolthe obsérved moderate-fa]ueS'can be #isgalized
as-follows; In the léw'level vortex the front side convergence and the
fear side divergence are moré stréngl& deveiopéd the faster the vortex
i§ foroed to move. We have alsb seen from Table II that-the level of
non~divergence in the upéer Wavg goes to higﬁef elevation, and the
divérgeﬁca-valueg above that level deérease, when the waye speed in-_
'éreases. Thereforé,-#.supposed_increase in speed without change in
.Structﬁré of the-cyclone wﬁuld lead to a weakeniﬁg of the high level
_6ontribu£ion and a_strengthening.of thellow level confribution to the
. change iﬁ weight of air co1uﬁns.. That ﬁould be_tantamouht-to & decreass
in préssure ﬁendencies.. Quite analogously it cen be'Shbﬁn that a
sgppoéed slowiﬁg dowﬁ of the ‘cyclone without chenge in'ifs.structure
wou1d 1e&d to.iﬁcreasing surfac;-pre§sur§ tendéncies. From this can be
conéluded that the'speed of a giveﬁ'oyclohe is stable as long as its
'totai fhreefdimensional structure remdins.the'same. The pressure ten-
'déncies'are-then_also stuble although ﬁhey are made up as small differ-
enoces of 1aréepopposite contributioﬁs'of horizontal divergence and
convergence.

Aﬁreal.increésé iﬁ the divergence effec£s of the uppef wave would

come from aiiowering of ‘the .level of non-divergence and inherent
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lncrease of the ratio ef the atmosphere in which the air current is
: éupercfitical. According to (3) that may teke place through one of the
following'changes‘of parameterslin the upper wave: (a) an inorease of
the speed, -D’ , of the upper westerlies, (b) a decrease of angular
wave'length,. AC/;V and (¢) travel towards higher latitudes. In all
these cases the compensat1ng mess- dlvergence effects from low levels
automatically pick up t00'as the speed of the cyclone increases. The
-'occurrence of excessive valves of barometrlc tendencles is thus auto-
matically avoided, However, (a) (v) and (c) repre:ent real dynamic
_ processee which serve to increase pressure tendencies and cyclone speed.

._ The slowing aown,'whieﬁzis nermally observed 1§ deep and extensive
cyclones, is asseciated-with the greaf depth of atmosphere moving in a
_closed eyclonic flow pattern. If that pattern has a subcfltical'eocen—
trlclty, which 1s the more freguent case, it w111 maintain mass-~
'convergence in the eastern and mass-dlvergcnce in the western half,
The influence of an upper wave pattern can then only barely over;
'compensate the dlvergence ef fects below, and the resultlng pressure
tendercles ‘will be small A flnal reversal of tendencles, and a retro-
-gradlng of the cyclone; wlll result 1f the low level mass- dlvergenoe
effects overcompensate those Irom the upper wave pattern.'

"~ The eistribuﬁion-of horizontel_divergence also determines the
vertical motion, which in the "smoothed" cyelone model always goes
upward in the front half ahd_downwafd lﬁ the rear.(as shown in Figﬁre 1).
.Thaf hodel.feetu:elagrees with the observed distribution of cloudiness
and precipiteﬁion in the'dyclones. Modern aerologieal-enalysis of the
field of vertlcal motlon carrled on by the Meteorologlcal Department
of the New Yo:k,Unlver31ty,hee eorrob borated the same flndlngs. A

summary of the careful and extensive work in that_field was published
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in 1948 by J. Miller ( ). From t_'x.mt report we also know that the
vertical motion of extensive air masses usually is less then 3 cm/seo
eveﬁ at the level of_non-divergenoe, where the maximum upwa;d and down-
ward falues of momentum occur. Higher Qaiues of-ﬁertical motion up to
10 cm/seo should oceur oveér narrow zones neer fronts, while’ the occur=-
'.'rences of up-~ and downdrafts of several meters per second are restricted
: to small parts of 1nd1v1dua1 convect;ve clouds, - |

Typlcal patterns of temperature dlstrlbutlon in the extratropical
cyclone cen be seen from the sample nyo;ones described 1ater in this
-article. The most ffequent'aeveiopoent of'the tempereture.pattern in -
'the 1owef tropospherlo part of the vortex can be represented schemati-
: oally by the maps and proflles 1n Flgure 2._ The incipient cyclone
.:(Flgure Za) coxncldes Nlth ‘the apex of a wern tongue formed on a "front"
'aoross whlch tne horlzontal temperature gradlent reaches a max1ﬁum.
The froneal eurface rlses.towards the cold side at.an angle of inclina-
jtion.evereging"aroﬁnd one in a hundred, It conserves its identity from
‘ day'to doy cnd moves alohg-at a speed determinabie from tﬁe:winds
.through the kinematic'bouhdery coﬁdition. The wave amplitude'increases
‘as the oyclone matures (Flgure 2b) and - the central pressure deoreases.
Next fol‘ows the "occlu51on pro*ess (Flgure 2¢ and d) durlng which the
- Warm tongue is’ llfted from the ground, flrst near the oenter, 1ater also
.-farther_out. The occluded front formed at the junction of_the two cold
- wedges ten&s to.wfep erouno the'oyclooe oenter,aé_oeft of a spiral, and
the seme shaoe:is foupd for the warm tongue in a}i'levels of closed
cyolonic circulation. :I_ﬁ the prof_ile"ih Figure 2c, which is placed at
afshorf-di5£aoee soutH of the oyeione oenter; fhe oociuded front is of
warm front type, that is, thc COLd wedge behlnd the ocolu31on is less

 '601d than the one in front The same is the case in’ Flgure Zd but it
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cah usually be assumed that.farther south the occlusion is of cold
frent type. Where the transition from the one to the other occlusion
'model takes place the occluded front on the map must show a little gap:
-The liftlng of a tonvue of werm air relative to colder env1ronment
"111ustrated in Flgure 2 can be assumed to furnish a. great part of the
"lncrease in kinetic energy durlng the cyclone development from wave 1o
© vortex, - | | |
The“tropopause is also shown iﬁ the profiles;'-It has a crest
 over the.watﬁ front eerfaoe and & trough.over the eeld front surface,
' and the amplitude of the tropopause osclllat1on 1ncrcases with the
:-growth of the cyclone. In Flgure 2d the tropopause has a deep depres-
-slon_almost coinciding with the oyclone center, whlch is:at that stage
{surrodnded_by ait of oold origin up.through the whole tropospheref
_Details"of,tropopauee”Structﬁre, like the freoeent subdivision into
ium;ltlple t;opopauses have been left out in Flgure 2.
| Hatched areas. in Flgure -2 1ndlcate the location of the maln pre-
‘:Glpltatlon areas of. the cyclone. The_largest_area-is covered by the .
'.ewarm.fron'" raln, where the_air from the warm tongue climbs the
reeeding'wedge of cold eir end-GOndenses.much of its moisture. A more
' nefrow.eone of precipitatlon'eco0ﬂpanies the oold Tront" where some
; alr from the lower part- of the warm tongue is llfted by the edvancing
-cold wedge. ngher portlons cf the warm tongue move faster than the
cold front wedge end. are: not llfted by it. The-descrlbed upward motion
lof the warm air next to_the'f?ontal surfaoee'should.be visgelized as
‘being superimposed on the general pattern of verticel motion, upwafd in
ethe‘front helf and éoanard'ih thé rear half of the cyclone (Figure 1).
The- upward motlon of that general nature is sometlmes sufficient to

:jcause rain also where it is not called for as a consequence of upglldlng'
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on frontal surfAces. Soﬁe extensive "warm sector raiﬁs“ and also the
rain in the front half of a cold trough or & cold vortex are probably
_to be explained by the general upward motion shown in Figure 1.
Ta cemplete the'precipitation'piﬁture ofrthe cyclone the “air
mass précipitatioﬁ"_shquld élso be_added; the drizzle in the warm
moist parts condensing from low cloud formedlby the éooiing of the warm
air p&er.céld surface.(ﬁainly-bcean suffaces), and the convective
showefy precipitatibh formed through the heating from the ground, or
through lifting éf convectively ﬁhstablé air at frcnts.l
While'thé thermal pattern of the cyclone near the ground is the
fesult ﬁainl& of hofizéntél ad?ection and'non-édiabatic gain or loss of
heat exchanged witﬁ,the ground, ﬂﬁe'pattern"in the frée atmosphefe is
also iﬁfluenqed by the éloﬁ bpt.sySteﬁatic vertical diéplacementﬁ of
the air shown -in Figﬁré‘l and.by'the Heat transfers of penetrative con-
vection. Howevcr, the dumlnatlng process for the shoaping of the upper
.1_troposphnrlo temperature field is st:.l1 the horlzontal advectlon. The
.'develcpm@nt of the thermal pattern of the waves in the upper westerlies
follows roughiy“thé ad#eétive‘sdhéme in Figure 3. A warmltbngue forms
in_tﬁe part_of the wave wifh advection frbm the south, and a cpld
tﬁngue in ﬁhe part with adveétion from the north. "In this éarl& stage
of thé wayé the pressﬁre cfééts and troﬁghs.must tilt westward; aé
shown'for tbe-pressﬁre troﬁgh ﬁn'figure.l In the further development
footh warm and cold tongues grow in amplltude and move forward relative
to the pressure wave, because the eastward motion of the eir exceeds
thet of the waﬁe.' Ir tge-wave mdtion wé;e-entirely-horizontal a thermel

pattern of permanent structure relatlve to the mov1ng ‘wave would ben/mhkﬂb4?‘7{

Feaehed*when the 1sotherms ha#e—&dep%ed—%avthe—shapernf the relatlve

{ streamlines. For the idealized case of Aﬁ = constanthin each level of
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the sinusoidal wave pattern the ratio of the amplitude, qu. , of the
relative streamline to that of the streamline, 445 , would be

4.
J{R Y
Bx v (2)

A
A T
L~ Tx

Henoe, close to the level where r3< is equal to the wave speed, C .,
the relative streamlines,-and-with—them—the—edvectively—tnanspbrted‘

would aoqulre a much greater amplltude than that of the

‘%\

amdfzk A

streamllneJ The ratlo A //Asw111 deérease from that level upward to

the'trop0pause; where Af hes 1ts maximums

[y

Under the influence of the upward motion ahead of the pressure
trough, and downward motion Wehind it, the ratio in (4) would be

reduced, as shown by J. Miller ( - ). Synoptic eXperience shows thet

A /
SR/ j

also under the JOlnt influence of vertical motion and horlzontal advec-

‘ stays pos1t1ve in all tropospheric levels where o>

tion. .In other words, after some-time of thermal transformetion .in the
style of Figure 3, the waves in the upper troposphere tend to become
thermally symmetrio;uith warm tongues coinciding with their pressure
orests aﬁd'oold.tongues uith their pressure troughe.

Wlth the reversal of the merldlonal temperature gradient from
troposphere to stratosphere the advectlve effects on temperature in
-the upper ‘waves are reversed too. Hence, the stratospheric pressure
.crests are cold and the pressure troughs warm. Indirectly follows then
also that the wave pattern of pressure erests and troughs rapldly leses
amplitude with helght in thelstratosphere. ‘In the stably stratified
stratosphere_the iocal warming and cooling through vertical motlon are
_strouger.then.in the troposphere, and. are quite often strongerithan the

temperature change by ad&ection.

Hw prccliwelly bromrpoteol Bhollcrums ool dineay,

s,

%
¢
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"~ b -Vorticitz anelysis of the extratropical cycione. An analysis
--pf_tﬁe vorticity distribution and the histofy of vorticity change of
1.individua1 parcele in the vortex and wave will reveal more of the
dynemice of the cyclbne.; Vorticity about the vertical axis, % s may
' be ‘identified on the'horizontal streamline-mape.és a particle rotation

about a vertlcal axis partly due to curvature, //5; , Where /Z

Cony,
the radius of curvature of the streamllne, and- partly due to shear, - aq,
AN SRR Ty (5)
. /211 'am, : fax | z",)? e -

Tﬁe ru;eé_fofifhe_use'oflsign eaﬁ alweys be decided by referring .
.ee"the-ce;tesian-gomponent'fofm'of.vorticity.added és-an alternate
eip?essien ini(S); The cdnvention ueed here'is to 1§£ the'pbsitive '

 direetion of the_boordiﬁate M point to the left of the wind, to con-
: eider QJ_Iaﬁd')is ealwejs pcsifive, and to use the positive sign in
'fronﬁ_of ?72%: for cyclpnic and negative.for.anticyclonic eurvaﬁure of
'fhe.streamlines; |

The vortlclty change of the 1nd1v1dual travel1ng partlcle is glven

' by the equatlon*) ’* x) -

) Hesselberg, Th, and Friedmamn, 4. (18), Rossby, C.-G. (26,27),
'Haurwitz, B. (11),'Holmbqe,_3, (16). . AR e

A ?Il@“ J_@"‘ -( Y+ Zizumyy)a&w W - ~-@~—°"-‘-°fﬂ)'

4y Ty o faz;'"("g" Q;;“’"’ ) 202 ot

-‘1he flret two terms to the rlght represent in: component form the effect
of 1sobar1c-1sosterlc solenoids’ on the change of vertical vorticity.
Those terms are always found to be 1n51gn1f10ant eompared to the follow-

/ 1ng_ones, The divergence te;p shows'how horizontal expansion (divergence)
cfeates negafive (anticyclonic) vorticity, and herizontél'contraction
'creates Posiﬁive (cyclonlc) vortlclty. The nexfetefﬁ shows fhe_effect

’\‘*’/ wﬁm Plirs e ncnleadod.
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on relative vortieity, S , of the displacement of the air either
towards the polar regidns, where the ver'tica-l component of eerth vorti-
city, Z.QJMAf , is great, or towards the equator, where 214 MJM—/Q
.'is zeeo. In .abse'nce of the other factors. tﬁe case of poleward movement
would entall decrease of relatlve cyclonlc vorticity or increase of
. -relat:.ve ant:.cyclonlc vortlclty, and the movement away from the pole
increase of relat_l_ve_ cyclonle:_or decrease of relative a.nt:.cyclomc vorti-
eit.y._ -Tl_ze two le.st terms en-- fhe fight ha;ld side deseribe the influence
of the vertieal mofion_ in -ehanging the x}orticity about the vertical, .
__The-ter'-.m in '%ZZ rebresents in part' the fact that the ihfiniteeimal
| _dlSk of alr, whose rotatlon dec1des the value of S , arrives to ‘the
-'_honzoeta.l pos:Ltlon from earller posﬁ:mns with merxdlonal tllt. In
.terms oi‘ relatlve vor'tnclty change that is equlvalen‘b to a che.nge in

;_-latltude in addltlon to that by hor1zontal mer:.dlonal advectlon, 85 cen

, o
_be seen from the analogy of the terms Zﬂ wdf? ra?‘ and 2-0 CO:I;P

oA
Furthermo_re, the term in & i represents the effect of rotating the air
. L ’Dxu'
in the ﬂJ,z.-plane 50 that the vortmlty about the 7 -exis, P9z s
P, D
gets a vertlcal oomponent at the rate B 5‘; : per unit time.

Analogously, the last term in (6)_ represents the rate of change of
vorticity about . the -Z-ax:.s resul‘tlng from a rotation of the air in
| e
the ¥ Zplane.__ Usually the terms in ,a} and X are con-sldered

to be 1ns1gn1f'10ant in relatxon to the dlvergence term and meridional -

._advectlon term, but p0831ble exceptlons will be mentloned below.’



~16-

" In the frontal wave of the lower troposphere the cold air enters
tﬁe oyclone along the warm front (Figure 4). Nexf to the front it has
- initial cyclonic shear which' has Begn aéqﬁired-durihg the peribd-of
ffontogenésis_(see Po - ').. Thé iricrease ofhthe cyclonic_#orﬁicity
1n the cold air on' its way toward tne wave _a.pe;x..i.sf. due to the horizon-
:taiscbhvergéﬁce, whibh.ektend§ a11 over the front Aalf of the cyclone
(Qeé figure 1). That'cré;tion of relafive qyclbnic vofticity:is sﬁﬁe-
what reduced bj_the effect df.the_pbigward componént of air frayel.
.thind the Qaﬁé.gpéx the aif rétu;ﬁs southward whéreby‘its.rclative:'
cyclonic vorticity should increése. At thehsgme'timg; however, the air
eﬁters.thé fegion-of hofizbntal;divergence{ which has'thé“opposite
 e£f¢ct;up6n-vorticity-éhange. The result is.thatgﬁée air which had
' agquired-maximﬁm oyclohiczshegr along the werm fron% maintains cyclonic

.§orticity algo_after pasaing the wave apex; but with a simultapeous

'tshift ffoﬁ shear to.cﬁrvaturé vortic;ty.. The coid.air'ﬁassing at
.*greaﬁerIAistance from the cenﬁer éhangeé_fr;m moderate cyclonic to
dnfiéyclonic vorficit&.n During.the growth of the §yclbn§ more and more
of tHe.céld dir_is abla'to mqintain iﬁs cycionic vortiéity after!pass-_
ing the-wavé §§ex.-?  |

.lThq;wa%ﬁ air'in fhe'froptal.ﬁave.éﬁters the cyb}one from the
southwgst.- Its'speed iﬁ_1ower levels just_ﬁarelfaexcéeaS that of the’
cyclone in.ité'easfﬁé?d mctioﬁ. .Upon arrival at the wﬁrm front the
'warm air élimbs tﬁe.rgceding co1d.wedge. Agéin, one branch of anti-
6ycl§ﬂic ahd_énothér of gyclohic‘VOrticity nay Bé_disce;ﬁed. Fartheét.
;éwéy'fr§m fﬁe.cghter;'ﬁhéfe-the ho?ig6nta1 conﬁergenéé ié moderate of'
non-existent, fhe warm air gains aﬁticyblonip relative vofticity through
- the poléﬁérd;cdmﬁoneﬁi of.movemeﬁt. Closef to.the center, where ;he

“horizontal convergence is stronger, the werm air acquires cyclomic
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relative vortioity despite'ifs displaceﬁent polewards._ This.latter
. development, which does.not_start until the eyclone isg over the nescent
stage, gaing in volume with the growth of the cyolone.

-In the_Westerly wave of the'upper troposphere; as represented in
Figure l;:toe:air enters'toe oyclone:from thefnorfowest and leaves it
o_eestward bound across the wevescrest'ehead of‘toe surfaoe cyclone. As
long es'the'uéper‘wave'doeslnot degenerate,fthe relative-VOrticity
j'changes sign at the longltude of the inflexion p01nts, thus changing
| from antlcyclonlc to cyclonlc relatlve vorticity in the middle of the
'zore of oonvergenﬂe, and from cyclonlo to antlcyclonl in the middle of
the zone of dlvergence. Thls dlvergence of fect (second term to the
rlght in (6) ) overoompensates “the effect of chang1ng latltude in the
ordlnary short-wave and,small-amplltude slnu301dal disturbance of the
_iupper troposphere and lower stratosphere..

' The- factor ( ? + L”fL f4an @) in the dlvergence term of - (#)
is equal to the absolute vorﬂl::u::n.'lzﬁ,ri)cL s of the air relatlve to a
_non-rocating coorulnate system. When- 5 is pos1t1ve (cyclonlc) jq/
'1s big and the 1nd1¢1dual vortlcity chaoge w1th tlme is qu1te sensitive
to Hor zontal convergence or dlvergence.. It the alr is subJect to a.
”sustalned process of horlzontal convergenoe its eyclonlc vortlclty will
1ncreasa w1thout any theoretlcal upper 11m1t. The cyclonic bends of an
_upper 51nu501da1 westerly are therefore'frequently seen.to become more
stronaly curved than the anblcyclonlc bends. When -5 is strongly
'negatlve (antlcyclonlc) the absolute vortlclty may go to zero or even
become nega.tlvee This happens almost exclus1ve1y in the upper tropo-
'sphere and. lower stratosphere where the ‘wind velocltles are very strong.
' Qn suoh Wave orests where l;o:'reaches values close tof?ero, tpe

vortioitYIohenge is only-feebly'influenced by horizontel divergence,
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é7 | and ébeys only the first right hand term in (?6. That would e equiva-
lent to motion unaer oonsfant absolute vorfiéity E;a,2:'§7 - or
‘-_;S B! ‘—2~§2,444ﬂ7p If a wave crest in the upper atmosphere has
 deve1oped to that extreme stage, the partlcles overtaklng the orest
‘would maintain their enticyclonic vorticity (in the form of curvature
_And/br shegr)-for.a loné period thé:egfter; Figure 5 illustrates
.  sohemétioally_thét-pase, .Ffsm an initial flow pattern of sinusoidal
'westerlies (streamline.l)_a "meandering" westeriy ourrent develops
| -through the growth of the wave orest and the deespening of the next dowm-
w1pd-wave-troughr(streamllnes 2 and 3). Th1s development towards mean-
~dering flow is not depéndent on the abéolute'vorticity actuélly having
reached zero,’ Alsohﬁith gﬁsolute vorticities‘stil} positive, but
numeriecally small;-the vorticity change bégins to reaéf sluggishly on
horizontal diverégnce witﬁ thé result that.the sinusoidal perturbation
of the westerlies begins to,degénérate. .The meandering development may
 also start.fr§m an initially stfaighﬁ current with anticyclonic sheer
| close to the féiué - a ;V?ﬁ Any small wave impulse may then
deveiop into méandéring wave pé;terns;
It is obv1ous that the meanderlng phenomenon, once started in
.reglons of exces31ve éntlcynlonlc vortlclty in the upper atmosphere,

-] will be of profound influence also on the tqtal oyclone picture down

to the ground, Thé.deepening of & the ﬁpper wave trough is éssociated

4 d*"[ '1 .
(L”Lﬁy : lw1th the deepening of the cyclonlc vortex underneath, and usually also

entails a southward component added to the normal eastward displacement

_of the cyclone., 1In all cases of such deepening the initial upper dis-

turbence must stert on the wave crest. to the west of the cyclone.
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. Above toe level of non-divergence the divergence term and the meridional
advection term in (6) are of the same phase, so that the additional
‘terms in %’5 and :%}; are not likely to affect the general pattern
of'gég veg; much. The two levols where their influence mey be expected
to oount are:  firstly, close toﬁtho level of_nOnsdivérgence, secondly at‘
the localities where S-MMP is near zero. In both of ';hose ceses
.the oombetitioh with the divergehce tefm is almost.elimioated.' Further-
more, A5 and its horizontal derioatives reaoh their maximum iﬁ the.
upper troposphero (aboot two km above the level oflnoh-divergenoe where

: /gru;/ has its max1mum)

The most compelllng reason for admlttlng a perceptlble lnfluence
of the terms in &= &nd-i;g; on thelvariations of S lies in the fact
that neither-the'divefgepce term, nor the meridional advection term,_nor
their sum, can account through equation (6)_for the ocourrence of negé-
tivé absolute vortioity; " Analysis of observational data do show aoeés
of négative aooolute-vorticity on prooounced upper wave crosts and/or

"jet stréams“ (see figure 7). A vertical motion

south of pronounced
effect of - the right s:Lgn ‘to explaln the growth of -r beyond 2.@ Mf
would be found north of “the maximum of upward velocity in- ‘the cyclone
-a--—- <O , 'g‘,‘:—’ P 0 _ ). The result in terms of a big anti-

_cyclonlc vortlclty, and ooca51ona11y a negatlve absolute vorticity, can
then be expected to acérue on the upper wave crest to the east of the
cyolone,

The abofe reosoning about the vertiocal motion terms in eqﬁation

(8) has.been developed by'L. Sherman and will appear under his author-

ship.
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c. Inertisl motion in isentropic surfaces. In slow-moving¥long

‘waves_of the upper westerlies the's5ream1ines reiative to the waves
falmost coincide with the streamlinas relativa to earth and the isotherms
"will be moved advectively S0 a8 to coiﬁcide more'orfless.with the iso-
_bars,. Around-fhe infie#ion points.dflsuoh'long waves we find the best
approx1mat10n to the relatlvely 51mple conditions of straight baroclinic
flow. Frontogenes1s and frontal cyclogenesis are frequent under the
stra1ght southwesterly currents of long waves, and for & study of these
pnenomena we w111 here consxder the theory of adlabatlc, inertial motion
in tiltirg, statlonary 1sentrop10 surfaces. Adlabatlo (or pseudo-
-adlabatlc) changes of state of partlcles in the free atmosphere can
-Justlflably be assumed because non-adisbatic temperature-changes are -
80 slow and unlformly dlstrlbuted that they do not much affect a sw1ft
_phenomenon 1like cyclogenes1s. : 'f.' -f o '.n |

The followxng smmplzfled analys1s has been 1nap1red by the theore-
tlcal studles on "dynamlc instability", whlch go back to the classicsal
-paper of H. Helmholtz ( . ”.)-"Uher atmosphﬁrlsche Bewegungen in 1888,
-Several recen* contrlbutlons by theoretlcal mcteorologlsts to the same
.fleld have been 1neluded 1n the list of laterature refer onces (Nos.

). The synoptlc applxcatlons of equa—

_tlon (11) in thlgrartlole.to the problcms of frontogen651s and cyclo-
'gene51s_have to my_kpowledge.not_been attempted before.

fhe_ad;abatic ﬁavemeht of aléafticle parallai to an-isentropic
fsurfacev(sibpinghor:horiiohtal) is not'opposéd by buoyancy forces and
is.laff"tq the atable or anstable control of the horizontal presaure
gradienf aﬁd'tAe cdfi@lié farce, VTha same is true'for'particies of
entife'isantfopio sheets moving-in uﬁison; ﬁhen thay'afa:far anough

from the ground to be.independent of boundary effects. For the purpose
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:of_this artiele weVWili'cqﬁSider the environment field of pressure and
potential temperature:constant while the sample particle (or sample
~isentropic sheet) moves ieentropioally through the_field. We will con-
: s'idex'-..p’e._lr.% of an _‘isentfqp_ic'sp;;face of sufficiently small extent to be
ffeatea'eé.e s1dpiﬁg'plane“(Figure'6), on which the herizohtel direoction
will be ealle_d:the ;:ﬁ;direction (due eastward) and the direstion of
-steepeet'slqpe (due_nefthﬁa?di'Wili,ee called tﬁeiaé -direction. The

n -axis is'sﬁpposed to fefﬁ an anVIe.with theehorizenfallf; -axis of
'the order of one in a hundred or 1ess. The undisturbed ai; motioﬁ is
supposed to be zonal, geostrophlc. and horlzontal which allows the
'1sentroplc surface to ltay f1xed in space. Furthermore the fundamental
motlon is constant along each streamllne, ahg/ﬁdx = ;','end represents

a steady state,;If /j¢ ;f Later appllcatlon to the long wave, where
.the ‘quasi- stralght flow is not exactly zonal w1ll be done without any
strlot mathematloal treatment. The dlsturbed motlon of the sample
partlcle 1s‘supposed to be contalned in the lsentrop1c surface and to
fhave an 1n1t1a1 up-slope component f?%- N superlmposed on the general
horlzontal motlon eharacterlstlc of the environment. -

The X -component of acceleration of_the;dlsturbed particle

amounts to
R Logr e . : _
.,--'.._'x - b f nE '/'? ) .’.4"
e TAdL Y = L ~{7)

and makes the partlcle speed up in the p051t1ve ;X.-derectlen while it .
cllmbs the 1sentrop1o slope. The ‘wind of the environment, ﬁi; » which
_1s geostrophlc and dlreoted along { in the whole field, pha;ées.in
value along the path of cllmbai An obserﬁer following the disﬁureed

partlcle would see the env1ronment geostrophic wind relatlve to earth

_change by

Y
~.
-
Aot
2)
,::T

(8)

}
¢
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The )(-oomp'()nent of the speed of the disturbed 'pérticle was asgsumed to

be equal to the geostrophic'windi 4;; s at the initial time, Depending

| -oh wheﬁher".;/{}u- :;/'L S, "% /di or / f\(/ v St the disturbed ‘

-'partlcle will go faster, or slower, eastwards than its new env1ronment

after a tlme differential of climbing. In the first case the 14, =COM=

ponent of acceleratlon of the dlsturbed particle ﬂﬁ’/f?

will. be dlrected down ‘the 1Sentrop10 slope opp051te to the initial
" disturbance. A stable lnertla type of 050111at10n w1ll then result.

In the ﬁther case the 4 -oomponent of acceleratlon will point in the

4.

same direction as'the 1n1t;a1 dlsturbanoe velooity ’Z » 80 that an

A

exponentlal growth of the dlsturbance w111 follow. ‘The instability

case is thus<%%r &Q-f ,[, /f/. In-order to make the instability

'orlterlon appllcable also for the downward dlrected disturbance,

.._/{“K’ ” 961)-

it should be written | < anf S

Now, pfovided_%hat the substltut;on of-/V%- for /ﬁ} in (7) is

' .justifie& By_a suffiociently small inolination of the isentropic surface,
‘the instability oriterion derived from (7) and (8) takes the simple

“form N Doy

D > ~ iy | . (9)

The 6bsefved increase of westerly geustrophic wind from the lower to

the hlgher portlon of an 1sentroplc surface sometlmes satlsfxes the

' above 1nstub111ty orlterlon, as w111 be shown later.

-Ii_’ we drop the initial conditions of .'aﬂ/;_.l,./f)x. = and /:"‘i/:’f =
no exact treatment oan bé”pffered; because then the fundamental ourrent

is not a steady state one, Even so, the'following qualitative reasoning

will point out in which sense the criterion of inertial instebility

. . T . o J e ar
would change Yty the introduction of’a@%/@x '§.C}_and' ”/%55 >0,

' In Figure 6 an element of the isentropio surface is showm in
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XGz -goordinates., Isobars on that surface are parallel to the X -direc-
tion, while the d1str1butlon of the speed of the geostrophic wind, Qf; ’
_1s shown by slanting scalar curves. u@ has thus a gradient in x -dlreo-
tion in addition to the much stronger gradlent in W ~direction. The
dlsturbed path of e sample partlole along the isentropic surface is

- supposed to go from A to. B durlng the time dlfferentlal.- The X -compon~

ent.of the acceleratlon (parallel to the isobars) of the sample particle

' -”../4" oo o .
is, agaln in flrst approximatlon :;3? = gj_ﬁfa o s while the change

{
of geostrophlc wind cncountercd along the path is

(/ﬁ.-‘;— ’V’U '
I G
The acceleratlon of the particle in 7} -direction, is supposed to be

A | (10)

zero- at the beglnnlng p01nt of the tragectory A. The acceleration in

7 -direction will be Zero also at the end of the traJectory, B, if
V s .
0( ot qgm; » Or :

sty .
PP TP Spiiy JP 4
. . ﬂ). 2 /LW s . ‘/‘; ! ,) A X ’
. . - I . [ i
that is: - . '
C . . :? Al _) Yy
N5 = o' o
iy - = __:_.75‘. /a xr' .+_..‘;-) Y e .
s, = : . . (11)
) / o ) 0 - (.\ A )
LIl o~ d =
K S . sy,

Specializing now'for‘the condition A z JE_‘ f:;,> C, and for
")4— ' ”

/\
I ﬂ)'

\ () s we flnd that the partlclc glven an initial speed

nr
component, ,1:1 greater than the value found in (11) will have an acce~

‘l 4
r
Vs at

leration compdnent _S;MJ opp051te to -;71 . leen a smaller positive
' _ At . : : :
'initial Qr s Or a negatlve 1n1t1a1 1f » the pdrticle would accelerate

tow&rds the value glvcn in (11) for rl) . That value of "% therefore
rapresentg the._}l -component of &/ up=- g?1d1ng motion in which all the
particles of the.lsentroplc surface'may 301n. The '7 -component of the

"(/-

table up- glldlng motlon approaches 1nf1n1ty when Z JZ

goes to zero. In othar words, in the case of’ 1nert1al 1nd1fference

any finite initial. U, would increase exponentially.

-
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Quite analogous reasoning with the case Zﬁ 5 0

?

Dor, ar ‘
and 4)' ’D;ZJ :%:‘9' < 6 _reveals the existence of stable down-

gliding motion whose 77 —component is also g:.ven’%;y (ll).

The difference between the cases ru- 2;{”3 -%%rj = 0 and % O
is thus th_e_ following: '_In the former case the departures from the geo-
strephic.wind remein of a staﬁle o.scillato‘ry nature ﬂﬁtil the anticyclonic
isentropic shear reaches the critical value bf - 7'_{22 » . In the latter
cases there is a sustalned stable departure from the geostrophic - wind,
represented by /U"{ wh:Lch has f1n1te values also when ZJZZ /;:]=?>0
In addltlon there may be inertial perturbatlons superlmposed on the
current representlng the vector sum of geostrophlc mot:.on, ’L} ,» end
isentropic rxio.tlon, ’U/? 3 and such perturbat:.ons will be stable as long
s 20,570 20 .

The demonstratlon of the qecurrence, of anticyclonic shear in the
epper etmosphere, which approahces or even eurpasses the eritical limit
of dynamic 1ns'tab111ty, is due to recent research work at the University
of 'Chlcago._ The flrst profile of the westerlles showmg such conditions
wes ahalyzed by E. Palmén (23) in 1948, Since then many profiles 8Cross
sfraight baroclinie westerli'es with-a stationary .polar i‘roht he.ve.been '
studled leading to the crystalhzatlon of a model of the straight
westerlles reprlnted here as Flgure 7. The left part of‘ that dlagram is

Mﬂ/mé&tr—epe 1sove1 profile -based on an a.veragmg of twelve eastern North
"~ American merldlonal proflle! Islecerﬁoer 1946; and publ:\.shed by E. Palmen
‘and C, W. Newton (24). In the right hend part of Figure 7 we have added
a diagram oé the computed quaﬂfity_ 2..(2.,_ faﬂz , with ’7 1nterpreted
] ‘s the ourvi-linear isentrop.ie coordinate (positive direction northwards).
fn most of 'bhe field 2_[2 is greater tha.n ?Df':?‘ D 1nd10at1ng 1nert1.a1

tab:.llgs but in a narrow zone south of the maximum upper westerlles

2..(2 Q,? 1s negatlve, 1nd10at1ng inertial 1nsta‘b111ty. -Furthermore,



-ZSaf

o : : QN‘Z '
‘in the frontal zone below 600 mb, where > has been measured
' P,
along saturation-isen'tropes, the values of Z{Z 2/67 indicate

only a slight amount of 1nert1a1 stability. We will first focus our
'attention on that part of the profile.

The small posxtive values of 2_[2 afr/éi‘] (or in some
1nd1v1dua1 cases negative ones) are located in a narrow. frontel zone;
while in the adJacent parts of the warm and cold air masses Z_Q /)%7
is. pos1t1ve and far. f‘rom zero,- Since in (11) the component of stable
) up- or down-gliding 1s 1nversely proportional to Z.ﬂ ’3/7/ it
follows that the ‘air in the narrow frontal zone has a much greater/

possibility for isentropic up-~ .or down-displacements than the air masses
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' Qn either side.
The quantity -1& €J¢7/52K+19@;f§3 , representing the numerator in

' the express1on for , 'in'(ll) oannot be:judged from the data of one
I

‘r'proflle slone, It w111 Le great and pos1t1ve flrstly where the isobars

ofﬂtge ﬁorizontal pressure dzstrlbutlon-converga, and, second;y, here
tﬁe.gradient wind increases locallf with time. The first condition is
fulfilled for 1nstance along the axls of klnematlc dllatatlon extendlng
-'-eastward from a col of the pressure-f1eld.. That synoptlc situation is
~ known to be. frequently assoclated with frontogen351s and subsequent
malntegance-ol a sharp front. The second’ condltlon, local inerease of
 gradient wind parélleiéo the frontal zone,‘frequently occurs duringW
frontoggnesis, but the cause qf‘sucﬁ'ihcreasg-of=gradiépt wind is not
necéééarily aﬁt:ibufébie to-the front mechaniém.-”'k
| Whénévhr.iilgﬁ;;{)g}<¥gbﬁ§f has the sghé.éigniin'gach.of the two

air ﬁasses ﬂr(. will-also'éave tﬁe-same sign in’fhe whole field; but
_1ts maximum numerlcal values, as. far as the lower troposphere is con-
verned, will be found in the frontal zone - where L~/,~ G ;

. i
minimum,’ '
ﬂAs éhqwn.;n Fiéﬁre-7;-the~warm air over'the lowér and medium

 'p5rtion'of.thé-poiar front.surfaéé has.anticjcloﬁié isentropic shesar,
1ncreas1ng to great values in the upper troposphere, whereas the air
‘above the upner part of the frontal surfaoe has cyclonlo shear, likewise
_1ncreas1ng to hlgh values in the upper troposphere. The d1v1d1ng-11ne
'-between antloyclcnlc and cyclon1c ‘shear runs almost vertlcally through

: the.max1mum of west w1nd-velocxty, whlch'ln thelaverage—oondltlon
“’represented by Flgure 7 is located above the place where the frontal

surface 1ntersects the 500 mb level.- Isentroplc up~ or down-glldlng

as deflned by equatlon (ll) ‘will reach blgger values south of the -
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velocity maximum than north of it, It is likely that this difference
in ’Z?, values north and south of.the velooity maxiﬁum does give rise
to imp;rtant horizontal divergence effects because the 7 -component

represents a non-geostrophic part of the total wind. The %, -divergence

effo6t in the jet stream region should work out as shown schematically
in Figure 8, Where there is "confluence™ of the winds into the western

beginning of a "jet stream", equation (1l1) indicates a superimposed

: : - . ' ' : wer

c4 2 ’ 1334 o L N | ne s | (I P

isentropic up-gliding, 27, -~ {’ , and "isentropic convergence ot S
! - P

north of the line of maximum ;q, e Where the'wind velocity decreases

I

“along the streamllnes in the “delta" of & jet stream, equation (11)

1nd1cates 1sentrop1c down-glldlng, fu% ' 7, and isentropic divergence,

i x’:}' ,-porth of the 11ne of maximﬁm 'b%/ -+ In-the strato-
'sphére;.because of the opﬁosite tilt of isentr&éié suffaces, the terms

: down-gliding and pp-giiding must be iﬂteréhanged, but the statement

 .about the isénffopiéjdiVéfgénce ;emains identicél for stratosphere and

troposphere. .At the line of maximun /fh / values the 1sentrop10

) J’f -
'dlvergence ,Sjy' ohunges sxgn, as shown by the shadlng in Flgure 8.

In flgurlng ocut the effeoct of the 1sen$roplc dlvergence in

’

chang1ng the pressure field we may. thlnk of the. dlstrlbution of ;;——4
Y ar 2

o n

as ‘repr esentlng in. the flrst approx1mat10n a field of" oy , where
./

Al is the non-geostrophic @4 -component of motion. Assuming that

. the distribution pf can alsd-qualitatively'be represented by the

: shaded énd.pnshéded @réﬁs ianigure 8,'Wé'have in that diagrem an out-
line of"fhe contribution of iéentfopic divergence to fhe total horizontal
: divergehce. The 1sentroélc dlvergenoe, acting in the same sense through
.the stratosphere and the upper half of the troposphere, may be an
__1mportant effect to consider together with the divergence effects

represehtéd in Figure 1. A gyclonié storm traveling along the jet
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stream zone would come under the influence of superimposed upper mass
divergenoe.ffom-the time whgn it passes the place of greatest constric-
. tion of-the.ﬁppéy st;eamiinés;. A oo&plete theqreﬁical treatment of
this_éase, which calls for é.cqmbination of the divergénoe'effects of
'Figure 1 ané Figure_s, ié ngt gvailable;-but thgre séems to be gonsi-
dergble empiriqal evidénoé for strong cyclone deépening under the
desceribed circumstanoces., Sgdh synoptic evidence has mainly been
_géthered b& R; Scherhag'( 3 ).- Sdherhag points to_v. Ho Ryd ( -~ )
aslthe originator of the idea-fhat ma#s di&ergence of importance for
cyclone deépening'Should occur in upper delta patternsf Ryd's theoreti-~
gal contributions appearea in'1923:and'1927 whenlfhe:e were as yet-ho
- upper'air mapé; | | |

Returning to Eiguf; 7 we see that compleﬁe inertial instability ,
LY o '
;5;? > 2{_5{2 s Way'at times extend from lSO_medqu towards the 500
mb 1ufface. :It'may algo éxtend“over something like & thousand kilometers
fiength-of cﬁrrent, but the-wiafh of the zone of sudh-unsta?le shear is
ha?dly more fhan three huhdred kildmet;rs a?'anf oneipoint. Inside
. fhat‘vé}ume pg curre@t the»gebstrophic wind, With_its.superimposed
isentropio'ﬁp- or doWﬁfgiiding.cﬁmpoﬁent,.does'not'represent 2 stéble
.floﬁ; Howe&er, with stable neighboring.flcw on either side{'no very
1épge unstable éeviafidns-from géostﬁoéﬁic flow will be'ayle to develop.
Thé'mQSt likely system of'pérturbgtions.in the unstable part of the
) currept will be cellular.helical'éifculations, as indicatéd_in Figure 71
; Such_ciréulétions would serve the purﬁosé of exchanging momentum across
_'thg'zoné of unstable shéar And:thus lessen thet sheara. The height of
eaéh-ce;l would have to'be"sméll; probablj less than one km, so that
the solenoid f?eld_set.up\?y the qellulaf'cifculation shouid not grow

~strong enough'tb réverse the initial circulation. . An indirect indication
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df the existence ef_the nelicai cellnler circuletions is seen in the
observea "multiple trdpepanses“, each: one probebly representing a cell
wall between superjacent circulation rolls, According to Palmen (. )
'these multiple tropepauses'ere qnasi-isentropicuas'eOuld-be expected if
they ere formed &s circnlation-cell bounduries.
| 2., SYNOPTIC EKAMPLE OF AN EXTRATPOPTCAL CYCLONE.
The Weather s1tuat10n over North Americe durlng November 7-10,
1948, has- been selectcd to illustrate the. prlnclples of this urtlcle.
Durlng the. period & 1arge occluded cyclone over the Hudson Bay reglon
. can serve as a model of the most frequent structure of old cvclones,
- while over the centrel United States_the atmosphere dlsplays all the
successive stages of frontegenesis and the early life history of a
growing frontel we.ve eyciene; -Our description will_begin with the
efolution of the'long-wave-backéround pattern of”the upper layers
represented by a set o 300 ‘mb ﬂaps, then the advectlve frontogenes1s
in the lower troposphere w1ll be 111ustrated by a sequence of ground-
' level and 850_mb maps as well.as_selected profiles, end finally the

_tnreefdimensidnal structure ef the_frontel wave cyclone will be shown
v'by a sjnoptic_set_ef méps frem.the gronnd to 300 mb, |

2a. SYNOPTIC EVOLUFION ~OF THE UPPER LAYERS.

The sin SOO mb.maps at 12h intervals‘in Figure 9 ail show the
semipermanent Hudson Bay'oyslone.' Throﬁvh'thezwhole troposphere that
cyclone is & cold—eore vortex and therefore shows up a8 & deep center
on the 300 mb'maps. Equally permanent is the crest of high pressure
‘extending>northwards from a werm anticyclone over the eastern North
Pecifib. Both the Hudson Bey low and the east-Pecific high are typical
‘features of the general clrculatlon only somewhat over average in

strength durlng.November 7-10. The westerly current meandering through
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" ‘Between them is quite ®trong over a:narrow-zone, while the pressure
gradients in the high and the ;ow are.quite ﬁeak. The trough located:
over the wesférn Unifed States on November 7 moves slowly to the central
_stétes and deepens gradually froﬁ November 7 to -November 9, This upper
air'prooess,plays an important role in the'formation of the ffontal
cyclone which takes place ﬁndér the pre-trough southwesterly current
(wi#hout prodﬁcing any-sepa;ate low pressure oenter at 300 mb).

The_déepening of'the'upper_frough may e caused in two ways (see
“equation (1) ): either through a sinking'component of motion et the
300 hb level,.or-through horizental masé divergence in the column apove
300 mbs In the former.caée the teﬁperature in the trough at 300 mb
ought to be rising with time. This is not horne out by the cbserve-
tions durlng November 7-9, so that we are left with the horlzontal
mass-dlvergence as the probable cause of the deepenlng of the trough.
The mass-dlvergence must e operated_thrqugh the feedlng of air into
the ﬁrpugh.with'éuéh a high Qélocity that the Cériolis force and centri-
fugal force overcoﬁpensate the initial pressure gfadient. Thé mechanism
for prodﬁcing'suchig strong jet iﬁ-the northerly current behind the
-trqugh muét be sought on the gnficy&lonic bend to the.west.

The maximum ourvatu}e of th; 28400 foot contour of the 300 mb -
surface is:re?reSenﬁed onﬁthe November 7th map by.an arc of oircle with
~radius )ZJ.; At‘fﬁe.same place in weét;rn C€nada the ﬁaximum possible .
curvature oi‘ a Steé.d)-r-s‘tate aﬁtioyclonio current, flowing under the
.influence of the observed pressure gradient force, is represented by

another arc of circle with radlus Tl f). The curvature analysis
. Yy

*) The value of 72 ém}é cktained from the equation of anticyclonib
01rcular motlon C ' :
(g (12)

jé = ; 2R (nz--'?'"

l
Z\_.
|\)
1
\) \ (‘
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in which @ stands for the geopotential in the pressure topography, /i
and 7y are positive, - / . 18 the outward directed pressure gradient,
~Z .l v~ is the 1nward directed Coriolis force, and -9 %/, is the
oentrlpetal acceleration. When equation (12) is applied to a selected
point of the map, 12 and’Gg s, ere constants. Solving (12) for .

/‘L - -—..—-_.:“.:2..._.__ o — — [ '_l_{_,_ﬁ- R . (13 )
Z ﬂ'z v ")d://" 1. 2.4 !"’ - ""a\ :
'and seaking the valu%)of or for whloh ,L is a' m1n1mum, gives
0j e 7?)"""" = /Ef AL - - ( :
. ez o ¢7 .
The corresponding values of £a¢ ~and “V* are. thus
B . . AN : . .
or |
. o ) "‘-D."‘C ’ 2 PR . . (15)
.jZ : : - - - * —— 7 : . — ) g .
. A ney - a2 x4 = (U— = 2 o .
—y 2 —} e . ,,7

on theISOO'mb anticyclonio Bend_ovef Wéste}ooCanade'on-November‘7 and
the-folloving daystshows that instances of JL~'<fuL- ot are quite fre-
quent, in other words that with the given pressure gredlent and contour
curvature:the paths of partlcles=often cannot have as small a radius of
curvetu}e os that of vhe isobasiorcontoursv If.that applies to a quasi-
stationary.pressure ridge'likefthe orographic one over the Canadian
Rockies, where the rad1us,7/i3 s of streamllne curvature is equal to
.the radlus,:iL.,.of path curvature, the air would have to oross the
isobars towards loN pressure whlle maklng the. antlcyclonlc turn. This
.must imply a forward acceleratlon of the particle leading up to maximum
'speed at the ‘end of the antlcyclonlc sweep, If such fast moving air is
fed d1rectly into-a pressure trough ahead, whose. pressure gradients were
:adapted to smaller wind speeds, a deepenlng of the trough should follow,
The deepenxng of the large pressure trough over the western and central
U S durlng November 7-9, 1948, should probably be 1nterpreted that way.
'The flow around the qua51fstatlonary antlcyclonic bend over

western Canada cannot Be;e steady state one although the major features
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ef that parf of thé'maﬁ do remain unchanged. _Tue 300 wb maps show how
the one moving wave perturbation after the olher appear on tep of the
lerge stauienary orest of high pressure in fhe west., The first of
those t:‘,ra'veled wbout 1600, Im during twelve hours (35 m/se0) and is
found on the second mep w1th 1ts wave crest in. the nvrtherly current at
1 the Canadlan-U 8. border._ The 300 mb contour curvature at that time
and pleeeldeflnes.an,iﬁl which is_chh smaller-tﬁan‘f?w“ﬁgx.

E The radii ef'cufuatufe of-streeﬁlinee, ’ﬁ%u','and of air trnjecf
tories, 7 in'e moving einueoieal Waue_are tied to each other b& the
formula - N : :
' : AT = g S .
N ()
. . > . Tty . - : . .
where C, is the speed'of the wave. No measured wind velocities arse
' avellable at SOO mb in western Cunada durlng the days under oonsidera-
:.tﬂon. Theoretlcel estlmetes of /U' must lie between ,C}-.and'; ﬁ ’

'mbet:llkely closer to the lower than the uppe:ilimit, ae will bve shown
| later; :Assuming teﬁtetiuelyffofstﬁe mbviugipreeeure erest at the U, 8.~
qenadla_n' porder on November 8, osooz, Az // T

" would have from (13) _
. LG

.'.' ) : ~ tsa
- - Lt ~ .
- /C) . -//‘_/’ \-__,._-;-;. //,0//6’14/‘.)
and would arrLVe at tho follow1ng éstimate of L
" e al
CIR L AP < *"'7“‘ e g T /’/ "’) /"-v
whlch is much longer than' the measured radlus of contours,_/a, = WU«A«w
<

These estlmates and measurements are of course subJect to great errors,
) but oven so_the ccncluelon.eeems,te be that also on the moving pressure
:crests the streemlines will faill£o.adept te the sfreng curuature of
lthe ieobars. It then also follows that the moviﬁg.eressure crests-in
the 300 mb level are preceded by e veloclty maximum. Wﬁen fhe gir from

that veloclty max1mum enters the slow nov1ng 1ow pressure trough, a pulse
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. 5: deepening by centrifugal action would resolt. The rapidly moving
‘upper.wave cannot be eeen to continue its propagetion on the front side
' of.the-deep slow movdng_trough. Hence all its wave energy must have been
. ebsorbed in the'big:trough._ _
.With'the above-estimaterof”h[ = 49 m/eecland ﬁ% = 1400 ¥m the-
antlcyclonlc vortlclty due to curvature-—gzmamounts to_45{5.10—5 sec~1l.

This is numerlcally much less than;ZJZ Q;M_5b°.= 1,1;10'4_sec-1’ so it

_does.not seem likely that'the'oomolete anticyolonic vorticity'~“;“r3,p

reaches the critical.velue of'~2J7z anywhere in the rapid wave at 300 mb'

The desorlbed manlfestatlon of 1nstab111ty through cross- 1soberlc flow

on the antlcyclonlc bend thus takes place 1ndependently of the fulflll-
(R L

ment of the criterion _- T T {;; 252, < O .

| On November 8, 15002 when the most unstable part of the antl-

| ovclonlo flow was found far north (again marked by ‘Z; <f /ng«“ )

'la grow1ng ‘crest and a downw1nd deepening trough formed s1multaneously,

TWhen that perturbatlon caught up w1th the slow mov1ng trough ahead

d‘another deepenlng ocourred (see November 9, 1500Z), this tlme in the

' north-central U,s. wh1le the southern end of the trough at that time

© was los1ng depth.

' The’ descrlbed fast mov1ng unstable waves.on the 300 mb maps are,

' of course, at tlmes connected w1th dlsturbances in the lower atmosphere.

: The flrst of the upper waves wes formed on November 7 1500Z as an

_'occluded front was approachlng from the west; and it is likely that the

_-exce331ve antzcyclonlc curvature resulted from a superp051tlon of the

' upper wave crest associated w1th the ocoluded cyclone upon the semi-

.permanent antlcyelonlc bend Whlch is t1ed orographlcally to the northern

-ﬁocky Mountalns. Onoe formed “the unstable upper wave separates from

the frontal dlsturbance by v1rtue of 1ts superlor speed (35 m/Eec) The
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j second unstable upper wave had no olear connection'witﬁ eny frontal
‘disturbance. o | |

Durlng the selected period the flow of air east of the big slow
'mov1ng trough turned ‘gradually from WSW towards SSW while 1norea51ng a
_ llttle in strength. On November 8, 1500Z, after the cold trough of the
Hudson Bay cyolone had moved off to the northeast the upper current
. over the eastern half of the U, S. and Canada became almost stralght
mOn November 9, OSOOZ when the grow1ng frontal cyclone (marked by an
. asterlsk on the 300. mb’ maps) began to exert 1nfluenoe hlgh up, the upper_
'current became sllghtly S-shaped. The new;formed upper wavs moved .

along w1th the cyclone center below at a speed of only 9 m/bec. The
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best'estimdte of the wind speed on the anticyclonic bend is probably

. ) . Kf_,? .
80 m/sec (sce below) and hence /?3 = fi--—§E;L = 0F . o

Even with f@ = 2., = 1950 kn q% would be 0,9 . 1950 km = 1860 km,
which is greater then the mcasured.:/ZJ = 1350 km. Tho stre&mlines will -
conseqﬁéﬂtly ndf.be.able to adapt to pressgre contours_around the anti-
- cyclonic bend. | o , |

The-ébove.tentativc assuﬁptiqn of 2 - IQ;M‘Q is reall& predicated
lon the furthér”assumption that tﬂe wind maintains a spced of ,2 ;
‘around the anticyclonic bend. Wb can.in this case show convincingly
that the w1nd does not recach such a speed and therefore also that the

air tra;ectory must have a radius of curvxture con81derably longer than

G ® . |
The geqstropﬁiq wind iﬁ the strongest part of the straight gouth-
westerly current on November 8, 1500Z, amounted to aboﬁt 70 m/§ec, and

on Novemﬁer_SQIO$OOZ; & geostrophic ﬁeasurgment in the Great lakes region
gives nearly the same value. . Evénﬁat the geOStrophic.gpeed of 70 m/sec,
'wﬂich_gives a speed of 70-9 ; 61 m/sec rélative to the wave, it would
take only 4% hours for each air parcel to cover the 1000 km distance
along which tﬁere is anticyclonic curvature; Suppose a particle passes
the infiebtion point at 70 m/seo and from then on gkpe:iences a forward
tangentisl ;ccelerdtion {E;;f)t f:. 5 2 ’fx B on:the anticyclonisc

“
o

bend, TIf r?é;, the ouﬁwa?d wind componernt normal tolthe isobars,
reaches the high dverage velue of 10 m/sec on fhe anticyclonic bend,
phe.éﬁéed of the partiéieé_wohld increase ﬁt a rate bf'lO m/éec pér:3
-hdﬁrs; and at most by 15 m/séc during the whole travel from inflex;on
point td'inflexiqn'point. That.increase in épeed would thus oniy-go

_ one;-.fif..‘tﬁ. of.-the way from z/j to 'Zfzr?_ . This feasgning justifies the

earlier assumption of the_modéfately-super-geostrophic wind of
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70 » 10 80 m/sec on the middle cf the anticyclonic bend.

Another effect of the trans- 1sobarlc wind component on the antl-
'c&clonic bend is also worth'considering._;A flow cémponent across
antiéycleﬁic-gbntouré.tewerdé ljw.pfessure is usgally s&nonomous with
horizontal.divergende_of mage,'and sffers in that way a contribution to
pressufe'faii_tsee eqaetion.(ly'). _The.basic pattern in Figure 1 of
horizonﬁel divergence in:ﬁesteflylwaves would thus in the levels of
-sfrengest westeflieé show. the &ivefgence extending forward beyon& the
ridge of.higheSt pressuré;j:The implications of tﬁis divergence on the
'.pressure rldges of ‘the upper atmosphere. for the storm development in the
lower atmosphere w111 be con31dered on P. -_'..
2b. THE FRONTOGENESIS.

.Figurg-lo iliuetfates:three stages of_froﬁtogeﬁesis, 24.houfs
apart; ;epresented by;simultﬁneouq.éee level and.850 mb'maps; At the
firet map time the HuqeoﬁaBey dycione-is else.shewna. Its fhermal struc~
' fuﬁe is that of an_ola_cyclone with'the occluded front beginning to wrap
arbun& tﬁe'cen+er.'.Tha upper warﬁ £oﬁgue,.exéeﬁding east and north of
the Hudson Bay center from the warm air reeervolr over the Atlantic, is .
shown clearly in the 850 mb 1sotherms. The pressure trough p01nt1ng
__southwards from the’ Hudson Bay cyclone is not of frontal nature as can
.be seen frem the Weak_temperatu;e grad;ent_at'aso mb'lnﬂthat region.
The.same non-frontal troﬁgh centinues up to the SOOImb level (Figure.Q),
'-where 1ts orlentatlon approaches NW-SE, and in those upper 1ayers it
actually extends out over the Atlantlc produclng a bend in the warm
_ sector current. “Such troughs always_move-slower than the air, and it is
_-kihematigali&_iﬁpossible fer'fronts:to deveiop in-them.
Hietoriéalpcontinuiﬁy madeeit-obﬁiouﬁ that the cold front from the -

' Hudson'Bay-eyclone'had;reached-Florida_by November 7, 1500Z, but the
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850 mb rep sgows how the cold air after arriving over fhe Gulf States
must have subsided and tﬁereby‘effaeed ﬁost'of thé frontal temperature
. contrastér Tﬁe bundie of isotherms running along the northern part of
'-tﬁe.coid-froﬁﬁ bends Westward ever”the Carolinas and northern Georgia
aﬁd.tﬁere ﬁarks'the infereeetien of the SSQ mb map:with the tilting sur-
face of subsldence. The 850 mb.winds ie-that region blow acress the |
-1sotherm bundle from cold to warm, bvt fail to produce any local fall
.in temperature because of the simultaneous sinking. The deviations from
jgeostrophie:flow.are quife;striking in.that_sinking air mass. While
- descehding'from the ievele of strong weef winds the air particles must
-retard and, 4n order to ‘do 50, they must move w1th a component towards
hlgh pressure, as shown on the 850 mb map of chember 7, 1600Z. The
'same type of geostrophlc departure is. found-on that day. over the south-
| eastern U.S. all the way up to 300 mb (Flgure 9). On the follow1ng day
(November 8) the geostrophlc departures characterlstlc of the front side
of moving anticyclones, ean be seen on~the 850 mb map over New Eng}and.
._;n'the rear of the ﬂqripg anticyeclone fhe opposite geostrophic deviation
is peeerred;. In that parf the eir-is aecending and accelerating and
must Hé&a é_Hofiionfel coﬁponent towards 1ew pressure. Thet phenomenon
is actually part'ef the procéss of frontogenesis over the central U.S.
IWhithWili.next be'coﬁsidered -

Frontogen631s by horlzontal.advectlon operates when a field of
deformatlon is. malnt61ned in a barocllnlc air mass. Optlmum efflclency
in that process is achleved when the axis of dllatatlon of the field of
deformatlon 001n01des with the dlrectlon of the 1sotherms. The stream-
lines in the col over the central U. S. on November 7, 1500Z, fulfill

_.that eendltlon falrly well.. The mentloned geostrophic departure towards

.1ow;preesure on the warm side of fhe-cold also favors the transportation’
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of the isotherms towards the axis of dilatation. As & result of these
procesées a surface front has formed on November 8, 1500Z, over the
"region previously occupied by the col, while .frontogenesis is in pro-
gress over the Great Lakes region where the ool ﬁas now arrived. 4
frontal wave has aiready formed over the State,of_Missouri_and is
représentedrin thé presSﬁre field by a émali elongated low. - During the
following twenty-fpur hoﬁrs the new cycloﬁe déepené and moves along the
._front-nprthegstwafd.- A neﬁ_field.of deformation is active on November 9
aldng the-coid.frént of thatjcyclbﬁe and helps-maintain the frontal
femperaturé contrgst.- | | |

| The:degcribed frontogenegis'development confofms with the advec-
tive rules éet forth b& T. Bgrgerdﬁf( ) and 8. Pette:sseﬁ ( .).
We will here add & study of the dynanical conditionslfor isentropic
- up- glldlng in the free atmosphere, which is an important part of the
process of frontogenes1s. |
-The rate of frontogenesislnearlthe ground is increased considerably
if the aif §f_the lower part. of the frontal zone is removed.by up~-
--glidipg,_ Thé dynamigai possibilitiés for that-proceés are considered
in Fiéure 11,'which contains a prbfile across.the'zone of frontogenesis
'du;ing itsjeg;ly stggé on Novémber 7, 15002, At that time no clear cut
front was yét discerﬁible.on fhe surféce map, but on the 850 mb map
there’ 1s great crowdlng of 1sotherms between the c¢old air over North
Platte and the foehn air over Dodge Clty. The foeln' on the warm's1de of
the col glves the frontogen351s a good start in the layers below the
'level of the contlnentul d1v1de, but the process goes.on also higher up,
aslshown 1p the Rap;d City iscthermalcy between 600 and 560 mb.,
The_tﬁqrmbdyﬁamids of up-giiding in the sloping frontal zone can

‘be tested through an inspection of the inserted 293° dry-isentrope. Tt
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shows'thaf'a particle could be brought dry-adiebatically along the pro-
file from ﬁear the ground in Oklahoma to the tropopause at 350 mblover
Montana without being subject to stabilizigg gravity effects. If we
take iﬁto accotnt that condensation would begin in such a particle at
700 mb . the ascent from there on would follow the saturation 1sentrope of
‘2829, whlch ollmbs steeper than the dry—lsentrope and likewise reaches
'the tropopause. Actually no single particle performs such far-reaoh1ng
isentrepic displacements-inside the profile; but the'isehtropes still
cah be'used'es indicafers of the direetioh of the component of stable
up-glidiné (see p.'-. )s which the perticles maey have in addition to
their much.etronger geostrophio compehent-of motion normal to the profile,

A study:of the values of the isentropic up-gliding (equation (11) L

. @’l" . Q’V-

v, = Y
| 7. 24 z ?.1, g
_along ‘the dlfferent sectlons of the 1nse¥ted isentropes will reveal the
dynamlcal p0551b111tles for the frontogene51s. The denominator in the
above expressxon can be determlned unlquely from the data contained in
the proflle, whereas the numerator depends on derlvatlves of the geo-
.strophlc wind normal to the proflle_and derivatives in time. Let us
- consider firét the denomiﬁator.
Along the lower part of the 1sentrope 2939 the geostrophic shear
; Y u; T
/7-4‘7 is negat:.ve, and hence 2_[2.,_ ,@,7 is large. Between the points
of 1ntersect10n of the 2930 lsentrope with the isovels of 20 m/sec and
. '@ 4%
10 m/sec the value of..ZdO - Fs:? " . can be computed to be
1, 6 . 10'4 seo°1 as indicated at the bottom of the profile. Farther
’ a/,f O/L"
up along the 293°.isentrope %Sﬁf changes sign and 2./2 : 7
decreases desplte the northward increase of é?.jz + In the baroelinic
Qrv '
field between Rapld City and Glasgow 2. 2 - " has decreased to

:Qa 8 . 10f4 sec~l, Still smaller velues are found along the 2820
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'saturation-isentrope, aue & negative A | 5;; results 'in the
f_sectiou hear Repid Citj..fThe lafﬁer value indicates dynemic inhstability
or, in other_words, the condition of up~gliding without dynamic brake
ection. Actually only small volumes of saturated air (altostratus and
_ c1rrus) occur in the region under consxderat1on aurlng the early stage .
of frontogenesis, and frlctlon of such air agalnst the dry environment
'probably exerts enough of a brake actlon to preclude v1olent develop=~
ments. The drj-ad1abat1o up-glldlng thus stzll applies’ to the greater
"part of the baroolln1o upper tropospherlc air,

The uumerator in. the expresslon for.'”7 ~can- be judged rrom'en
inspectionfoflthe 500 mb_uags(in,Figure 11). . ’? :;;} measured on
:-the map jusf north of Raoid Cit& auounfs to 20.2,6 . 10'5 m sec"2
5,2 . 10'4,m seorz-' The 1arge value of the term comes from the coa-
| vergenoebof_the'Edd b contours and that feeture, 1n-turn, is inherent -
in the Structure of bhe”large-pressure trough to the. west with its
central area of weak pressure gradlent borderlng on strong pressure
gradlents to the south. The large value of ;;i; 1s., of course, also
-_corrobborated by measured w1nd velocitles which increase from 10 n/sec
'"to 60 m/sec along the streamllne from northern Wyomlng to Green Bay,
-PW1scon81n.. Also the 300 mb map (Flgure 9) shows the same convergence

of oontours a little farther north.;

An evaluatlon of Q at the 500 mb level just north of Rapid City

| _ 7
gives. S R a2 -y
: e : Z o :
T /‘7)’ e e ot o e = 1o . [’ “o. —M,/ :
b [ £ ) e
\ ?_' ¢ /> T e
e - o
Az has here been neglected as insignificant in comparlson w1th
i

A pa . The‘correspondlng a would be about one hundredth of 1f

_hence 6.5 om/sec. Corresponding determlnatlons of ’U% lower down on

. : ’7 .,
the frontal slope result in smaller values, and consequently U’ is -

"/l

’
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positive. . With q{} and = both positive in the frontal zone

'there is stretching ih both 7~ and X ~direotion, so that frontogene-

'sis progresses under optlmum conditions.
P"; ”'U';,

In,the upper.troposPhere south of the maximum westerlies E:af

)

'assumes large values approachlng those of A’Aé « In Flgure 11 the

. "a 1%

_ measured. ? 1~ ;72 at 300 ‘mb over Oklahoma Clty is only 0. 1 . 10-4
) ,,‘ o -

sec’l. ﬂf \**3 * f, is, however, also small at that place (soe
A N

Flgure 9) s0 that no great ﬁ{z_ component results. Farther east near

"the Atlantie, where the antlcyclonlo 1sentroplc shear is equally great
: -

't:eho:: U; é;gb large negatlve, v7 is observed to be large negative
i(dlreoted towards high pressure) at all reporting upper wind stations.
Thls is an erample of the sttematlc non-geostrophlc w1nd components at
'..the "delta" of an upper Jet stream derlved in Flgure 8. The horizontal
convergenoe_resultlng in the southern half-of the delta is iﬁstrumentel_

in prov1d1ng tne pressure r1se ahead of the mov1ng hlgh 1n the south-

eastern u. S. (Flgure lO)
Flgure 12 shows a proflle through the zone of frontogene31s

"twenty-four hout's later. - The frontal slope has kecome steeper (1/50 in
> ' o,
the lowest portion) and the frontal shear - o is now characterized

" shift/ 93
“Ey a sharp l1sp0 wxnd Negative. ?? values (NE wind) stronger then

10 m/sec now-occur in the lower part of the cold wedge near the front.
Applylng the ﬂ% formula to partlcles in the NE ourrent we flnd oondi=

‘tions set for 1sentrop10 down-glldlng because the numerator

] p)rU‘ RS- Pts .
f a;“v_ '1)5 _- s now negatlve. A numerical estlmate of the

down-glldlng ‘along the 1sentrope of 2810 near the oold edge of the

.frontal zone at 850 mb follows.'. o
. ()n.)‘ 9/‘-} : ’ .5 B
s ML e oy m e T,

7 2, - aiéﬁ [).?6..’??‘?.—,‘0/.'./49:;‘/_-‘-' £t llee

Z
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" The resulting isentropiec descent traversee the frontal zone with a
component from the cold to the werm side. This non-geostrophic com~
ponent towards the frontal.troogh, together with the frictional flow
component in the same-direotion;.aoooonte-for tne eub+geostrophio diof
placement of warm fronts in goneral. In eone cASes'the non;geostrophic
component normal to the front may perm1t the cold wedge to advance
'.agalnst 3 moderate geostrophlo component from warm to cold.

In the upper” part of the frontal zone 1sentroplc up-glldlng cone-
tinues on November 8 Just as on November 7, as can be seen from the
-convergenoe.of contours between Omaha and Blsmarok on the 1nset 500 mb.
| map. The sume ‘contour. convergence is found rlght over Omaha on the
700 mb. map (not reproduced) In the proflle the 2840 saturatlon isen=
trope approx1mate1y follows the warm edge of the frohatal zone. ;;jr
' measnred along that isentrope'gives values greater th&n zifzz from'the
ﬁ-oondensatdonvievel-up to 7dC'nb. Tnat lower portion of the frontal zone
is thus.dynamioelly unstable; wnile higher up, whers the 2840 isentrope
turne'parallel to the sz-fieovels, finite SPeeds of up-éliding ¢an be
determineda An estlmatevof the up-gl1d1ng on the saturatlon 1sentrope

.of 2840 at the 500 mb level glVes

- \

- 2.-\‘: /y /0 - & , o
rL)? (11,0-?} .‘//{J .Y - \;)6 /‘AC-

: Explorlng ‘the whole frontal zone for non-geostrophlc isentropic

» motion we flnd the condltions for down-gliding limited upwards by the-
zero 1sovel whlle up~ glldlng beglna above that llne. Moreover, we find
that. the dry-lsentropes indicate a down-glldlng with a horlzontal con-
-.ponent across the front from oold_to warm, whilo the up-gliding along
saturation isentrooes keepelalmost parallel to the frontal slope. The
front proflle therefore must begin- to bulge forward from cold to warm

. in the lower - layers while remalnlng rather unchanged higher up. That
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is what hapoens'when the apex of the frontal wave goes by, as will be
dzscussed in comnection with the maps in Figure 14,
The antlcyclonlc shear south of the westw1nd maximum has grown
to the state of dynamlc 1nstab111ty as showp in Flgure 12 by means of
the | dﬁ-differentiation along the 533°-iseﬁtro§e. Shears rather close
' to the instability limit also extend down to tho 500 mb level snd meke
.possible;the.rathes_big ssd-systeiatic‘wind'oomponent towards low pres-
,sure observed onifhe_SOO mE ﬁap southeast of the jet stream. _ _
Figure 13 shows a profile across the'oold:front froﬁ Dodge City

(Kansas).ﬁo Mexwell ?ield'(Alabeme).oﬁ November 9; 1500Z.. Tﬁe corres-
ponoing sea . level sod 880 mo maps are to Ee founo‘in Figure 10, The
.proflle shows that strong horlzontal temperature gradients have formed
all the way to the -top -of the dlagram.- The frontogenesls ‘process
;through horlzontal advectlon has actu&lly been operatlng through the 2
'whole troposphere (1n Flgure 14 the resultlng frOntal zone shows up well
even at .the 300 mb level;. The 1ncllnat10n of the frontal zone is about
1/50 in the upper portlon, and it is qua51-vert1ca1 near the ground,
: whzle an 1ntermed1ate portion around 7- 800 mb tllts only by 1/150. The
general_shspe.of the proflle can be understood as the result of the
: bolging forward of the iowe; portion. of the cold wedge after the éassage
of éhé frontel-wsve apei. The oon;geostroﬁhic down-gliding responsible'
- for that proooss wes found to be dynamlca%}y Justlfled from the study of
the front profile 24. hours earller, fﬁisf;: ,4;?  being negative in
.the lower portion of the cold wedge. The sea level map for November 9,
15002- (Flgure lO) shows & p081t1ve Ieljj along the whole cold front
(the geostrophlc w1nd component parallel to the front in the cold air is
1ncrea31ng1y negatlve as .we pass towards the negatlve X -dlrectlon)

but. the actual wind component ﬂf parallel to the front is about zero
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in.the forward part of the cold wedge. 3;/ also is small. Heunce it
follows that the isentropic down-gliding, ¥, , should be insignificant
: .

exoépt where 2l¢2 *'agfj is zero or negative. The profile in
o _ YA )
" Figure 13 shows an almost perfect parallelism of = /7 -isovels and dry-
. e :
- . R c.:t- K . ~ .
isentropes'in the cold wedge, so that ;%—ﬂ {/ , Therefore, no

l .
.dynamlc 1nstab111ty occurs inside the cold air, not even in the upper

';part where the frontal zone 1s_qd1te steep, The-only place for dynamic
instabilit&_to occﬁr_inside-ﬁhe cold air is.right at the quaei-vertioal
pafffof the:fronfal surface neer the ground, whereha real temperature
' dlacontlnuxty ex1sts.: The elr volume involved is however too small to
_ appear on & proflle of the scale used in Flgure 13, The.releese of fhe
.'dynem1o-1nstab111ty at-the cold'front is responsxble for maintaining the
'downdraft, whloh is always observed 1n a strlp of a few kllometers w1dfh
: follow1ng the front passage. Thls.cold.alr.downdreft ls 1nstrumentel
in glvlng_the ¢old front a greeterlepeed of displacement than would have
been indicatedfby fhe geostrophic wind determiﬁed from the eea level
pressure disffioution. 'in figufe 10 the comouted tﬁelee-hoor geostroohio
'_ dlsplacement of the cold front is represented by a short arrow of 80 km
:length Whlle at the same place the precedlng twelve-hour dlsplacenent
was 210 km and the subsequent one. 460 km. . The geostrophlc;w1nd com-
,7ponent normal'tO'the front computed from the 850 mb map is big enough to
-laccount for the front displacement, and we must assume that air from. that
-level enters the froutal downdraft and carr1es westerly monentum to the
surface layer;- In the layers above 850 mb the cold alr current is
E cyclonloally curved and hence sub-geostrophlc._ Wlth 1ncrea51ng helght
‘the wind in the frontal zone also becomes more and more parallel to the
-f.ontal boundary. §0 that the front dlsplacement is" less there then at

¥the ground.
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The pre-frontal air in the profile in Flgure 13 has a 1apse rate
' 'slrghtly less than the saturation adlabatlo, but w1th the ex1st1ng hori-
zontal temperature gradlent seturatlon-adlabatlc ascent is possxble at
.the rather steep angle of L/SO, as shown by the sample saturation 1sen-
*_tropes of 289° and 292° _ The‘measured values of: Z‘JZE ?X;i . show
a close approach.to dynamlc'indifference and even some dynamic instabi-
11ty. A saturatlon-lsentroplc up-glldlng is in order et 850.mb, as can
. be seen from t1e convergence of contours ( 'YQ,'::::_ > (Ju ) in the
f varm current 1ntersec+ed by the proflle. The same is true for the 700
e mb map (not reproduced) but not for the 500 mb and 300 mb meps (Figure
.'9); The frontel up glldlng should therefore ‘be conflned to the layers .

"~ under 500 mb.. Thls is also verlfled by the thtle Rock soundlng, whlch
.:goes up through the ccld front rain’ but shows a 35 per cent relatzve
c_humldlty at 500 mb. Thunderheads grow1ng up from the eloud mess of the
'cold front would, of course, go well beyond 500 mb but such phenomena
.'ofu"vertlcal 1nstab111ty" were. not reported 1n-the case under oconsidera«
tion. Intermlttent, llght pre-frontal raln, whlch was reported as far
:as 300 km ahead of the cold front ‘can qulte well be acoounted for by
the saturatlon—lsentroplc up-glldlng. In the warm season such up-
,g11d1ng in the. troplcal air current mey be sufflclent to trigger thunder-
: storm format1on, whlch in turn may develop pre-frontal squall lines.
 2 THE STRUCTURE OF THE MATURING FRONTAL CYCLONE.

Flgure 14 presents the sea-level ?OO mb 500 mb and 300 mb maps
ufor November 10 O3OOZ dep1ct1ng “the structure of the maturnlng frontal
.'cyclone._ The - amplltude of the frontal wave on the surface map has now
1ncreased con51derably, and- the cold air from the rear heglns to encircle
'theucyclone center. It 1s clearly saen how thls occlus1on process’ has

.had 1ts flrst start only at the ground whlle the isotherm patterns of
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the upper maps still.indieate an open wave of small amplitude. This
shows that while the ﬁave travels along the front the frontal slope
increases to a maximum at the wave apex. At that point the smooth wave
"breaks" and a relafiveiy_shallow cold outbreak.fans out along the
_ground.. The mechanism of that breaking of the smooth wave probably lies
in the dynemsc insfability of tﬁeulower part of the frontal zone, des-
' crlbed in its stage of 1noept10n in Flgure 12 end contlnulng in the
form of the_frontal downdraft_ln-Flgure 13, Durlng the process the cold
.front part near.the eye;ene.center suffers frontolysis tnrough cold air
dowpfglidiﬁg. This is always noticesble in the surface map enalysis,
".and, on November 10, 0300z, it also'shows up in a slackening of the
frental-temperafure gradient on the 700.mb map. Farther south, where
the cold ffont passes through_the frontogenetie.field of deformation,
thehfroptai tempefatuse_grediept.remains rather strong. The strongest
-frontal teﬁperature gfadieﬂt is, however, found in. the 500 mb level
.Where the breeking of the frontal wave has not yef started. The 300 mb
map also shons fa1r1y strong temperature gradients across the pressure
trough, which may Justﬂfy the use of the term "front" even at that
'1evel Particularly striking is the crowdiﬂg of isotherms in the south-
_ western corner of the map, probably an effect of frontogenes1s in a
-.000 mb col in the unmapped aree west of Mex1co. The 300 mb map under
'cons1derat10n is just tangent to.a tropopause depression over the cold
tdngue'of ffoposéhersc airﬂip;the west, - The map intersects the tropo-
'peuse'alogg fhe sone of 1owesﬁ.£emperature'achSS Lebrador and northern
Ontario, The temperafure meximum east.of the Hudson Bay cyclone.is
' stratospheric; The .cold air to its north is-treéospﬁeric snd_hes been
Brought”from'lower latituaesﬁes part of the Warmvsecter shoﬁn in

Figuie 9 -On_the 5C0 mb mep, which is:entirely tropospheric, the Hudson
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Bay center has a cold core with warmer sufrougdings both to the north
and south,

The pressure minimum of the frontal wave at the Great Lakes con-
tinues up to 700 mb’ w1th some ‘westward tilt, but has already at that
| level ehrunk so-as to be a minor feeture in the pressure field compared
to the oId-statienary Hudson Bay minimum. Bgt the young cyclone over
the Great.Lakes hes all the botentialities:of development inherent in
_the'soienoid f§eid concentrated along the frontal wave all through the
troposphere. As a hydrostatic consequence oflthe weve shaped pattern
ef‘ieotﬁerms the_upper'current above the closed center is likewise wave
sheped with'an ant 1cyclonlc bend over the warm front area of up- glldlng.

"The frontal cyclone deepened at the rapld rate of 14 mb per 12
_Hoﬁrs during November 10, and ended up Bs & storm center of 975 mb over
nertheee Laﬁra@or”on November 12. We will briefly censider.the applica~
tion of the varioue theOries of upéer air divergeece which may claim to
.explain the deeﬁening; Coneideriné.fi?sf the:formation of the upper
.preesﬁfe crest.whieh precedes the surface cycibnelWe will see the nature
of the intefplayibetweeﬁ lower and upper layers. The fact that the upper
pressure crest moves at_e speed ef enly 9'm/sec’in aecufreht of 70-80 |
m/sec shows %het the upper wave cannot be a-free one. The timing and
piece of theififst appeerence of the pressure.crest on the 300 mb hap
(November S, 0300Z) meke-it likely that the upper crest formed by the
upwerd-motibn.cenﬁeeted'witﬁ:the beginning freqfai uﬁ—gliding in the
naecent frentai wave. Oﬁee the upper wave 1is establiehed, upper diver-
gence will be.locefea,in the area betﬁeen the_pre-exisfing upper pressure
1tfough_End-ﬁhe'new_upper pressure crest ahead_of_it. With'the trough
ﬁge_NNE—SSW orientetien‘and tﬁe'pressure crest in NW-SE orientation the

half wave. léngth between them shortens northward and makes the upper
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ldivergence perticularly strong in tnet region; That is then also the
region uhere'the rapic deepening of the frontal cycione_takes place., So
far the dynamrcs involved in the deepening process conforms with the
principles of Figure.ll' With thet basic pattern accepted, we must also
admit the' existence of the following nodlfylng processes.

The upper pressure crest is contlnually being fed from below by
the rising motion in the front half’ of the=cyclone and therefore is
foroed to malntain the seme. siow speed of propagation as the surface
vortex. When the curvature of the antlcyclonlc bend of upper 1sobars.
'becomes sufflclently strong, the fast upper current 1s unable to follow
the 1sobars in gradlent w1nd fashion, and horlzcntal dlvergence must
‘result on both 51des of the upper crest llne (see pe - . That com~-
_ponent of'upper_dlvergence_modlfles_the medel in Flgure 1l in the sense
of-extending'the pressure'foll_farther ghead: of -the surface center,

The upper. air divergence of the Ryd~ Scherhag theorles (p. ) is
also superzmposed on the dlvergence and convergence inherent in the -
wave‘petternq. It can best te Judged_by'oOmparlng the geostrophic wind
at two successive inflexion pointss The average geostrophlc wind between
the 30,000 foot and 29 OOO foot contours at the inflexion’ point SW of
.the Great Lekes was 60 m/sec, and between_the same contours at the
ninflexion point over Lanrador'42.n/3eo., By_tnatf%eaSure it can:be con-
cluded that.tne Greot Lekes cyclone'wes7situated under a "delta" of the
'upper current and that an. upper dlvergence pattern in the style of
'Flgure 8 Would be superlmposed. That upper pattern would tend to produce
pressure fall in the northern half and pressure rlse in the southern half
of the delta. It may be counted in favor of this reasoning that the
Great Lakes cyclone proceeded:northeastwardpto northern Labrador and not

along the 300 mb.contours ahead of the storm which would have meant

J&*@f'ﬂdvhééquyfvrmaas /Wmﬁ?vaediﬂr“~
% N’&ZW 9.// ffv’:«d cowt_@é,(ﬁédﬂﬂ %‘&Wto"“ﬂ- B ?Jm agn/y(mu.-
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EyOWOne problem even in synoptic situations selected for their simnllc ty.
Further prcgress will have <o depend cn nove penetrating studies into
the dynamica of verticos aud w-.?-.vs's, _i’ncluding the long wave relation-
ships whicl. have scarnely been mentioned in thi: ar%iole.'-
| | | * * *

The'sgm§1e cyc1one deseribed sbove had its early development ﬁear
the ground, where the frontal gpgliding of the warm air end the com-
gliding of the cold were a direct consequence of'fﬁe preceding fronto-
_genesis;‘ Such waveécyéioggnasis'is typical for ﬁll the frontogenesis
nareaé of the middle'an¢ high latitﬁdes. LAnpther.typa of oyclogenesis
.oécurs at timeg independently :of any pre-existing low level front. The
oyclogenatlo mechanlsm in that case seems to lie in the dynamio insta-
blllty of the upper tropospherio westerlies, whioh leads to the meender=-
ing of the current'and the subsequent formatzon of an upper cold low.
Cyclcgenesis of that kind isldescribedlthrough th.synoptio examples in
the follow1ng article by E. Palmen. In.the-ohe, November 4, 1946, the
upner low did not arrive into any frontogenetio area, and did not
extgnd down_tq the surface, In the other. case, November 17-18, 1948, a
frontal wﬁva adt;on,can be disce£néd-but, in ¢« itrast to.the casge of
November 710, 1948 the wave motion started first in the upper tropbsphere
end later extended té.low 1evela. |

3.mke ey?eriénce frcm'fhéfméntioﬁed cﬁses, tégethef with meciy.others,
point out the two main processes- unstable frontal Wave action and
unstable meendering of upper tropoapherlc flow as the causes of thel

formatlon of etvratroplcal oyc*ones.
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Legend of Illustrﬁtions.

‘Schematic model of cyclone wzth lowe1 vortex and upper wave

part. West to east vertical profile shows location of hori-

-zontal dlvergence and convergence of mass.

Successive stages of development of & frontal wave to en
occluded vortex. : - :

_Advective formetion of the thermal upper wave by -the wznds

blow1ng relative to the mov;ng pressure wave.

' The motion of the warm and cold a1r relatlve to the moving

frontal wave.

Successive (1 = 3) degenération of sinusoidal wave pattern
caused by excessive anticyclonic vortlclty on wave crest.

.Protlle of 1sentroplc sloplng e -plane and sample distribu-
_ tion of the isovels of 4! )? '

I-coordlnates.

Merlolonal proflles through a model of stralght westerlies

with quasi-stationary polar front (E. Palmén end C.W. Newton,

1948) Left: Dashed lines ‘show Asotherms, and solid lines

isovels of zonal geostrophic wind. Right: Dashed lines show

the field .of dry-lsentropes (degrees absolute), and the

saturation~isentrope of 2810 1n>the frontal zone, Solid lines -
£y cin unit 10-4 sec"'l

7

Isentroplc convergcnce (shaded) and dlvergence (unshaded) in

.the reglons of "jet stream confluence and delta.

12- hourly sequence of 300 mb maps. durlng Novqﬂber 7= 10 1948, -

l; « radius of isobaric curvature, S~ EX = 2 /52
Asterisk marks position of apex of frontal ware’ on sen- 1&%

. map. Half barb 5 m/boc, full barb 10 m/éec, trlangular barb
50 m/sec. : .

24~ hourly sequence of sea 1eve1 and 850 mb maps show1ng adveo—

“tive frontogénesis and beginning ;yclogen951s. Upper winds:

Half barb 5 m/%ec, full barb 10 m/sec, trlangular barb 50 m/%ec;
Proflle of early frontogenes1s November 7, 1948, 1500Z and

part of th% 200 mb mep for the same time. Sample eveluations
of.ZJQ ;g:? below diagram. Upper winds: Half barb 5 nV%eo,
full barb 10 m/hec, trlangular barb. 50 m/%ec. : '

Proflle of the warm front of the 1nclpaent wave .on November 8,
1948, 1500Z, and part of the 590 mb map for the same time.
Sample evaluations of,?J? —499 below diagram. Upper winds:-

Half barb 5 m/éec, full barb 107m/bec, trlangular barb 50 m/sec..

lProflle of the cold frgpt on November 9, 1948, 15002, Semple

evaluations of‘Z - £V below dlagram. Upper winds: Half
barb 5 m/sec, full ba'%“io m/%ec, trlangular barb 50 m/sec. - -

Structure of maturlng frontal cyclone at sea-level 850 mb, 700
mb, and 300 mb, on November 10, 1948, 0300Z. Upper winds: Half
bard 5 m/sec, full bard 10 m/%ec, triangular barb 50 m/sec,
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